Summary Single cells were mechanically isolated from leafderived callus of mature Juniperus oxycedrus L. These cells divided and gave rise to callus when plated on medium containing growth regulators. Best plating efficiency was obtained on a modified Schenk and Hildebrandt medium supplemented with 0.6 µM 2,4-dichlorophenoxyacetic acid and 100 mg l −1 casein hydrolyzate. Although single-cell-derived callus showed poor morphogenic potential, both adventitious shoots and embryogenic tissues differentiated from the callus. We also achieved induction of somatic embryogenesis in leaf explants of mature J. oxycedrus trees cultured in the presence of 6.0 or 10.0 µM 2,4-dichlorophenoxyacetic acid or picloram. Frequency of embryogenic callus ranged from 6 to 18%; however, under the culture conditions tested, isolated embryos failed to develop into plants.
Introduction
Many conifer species have been micropropagated by axillary shoot proliferation, adventitious shoot organogenesis or somatic embryogenesis (for review see Harry and Thorpe 1994) . However, the application of tissue culture technology to tree improvement still suffers from three serious limitations (Aboel-Nil 1987) : (1) low reproductive efficiency and high cost; (2) difficulty in applying the techniques to mature trees; and (3) difficulty in regenerating plants from callus and cell suspension cultures, a prerequisite for research on genetic engineering and biotechnology.
The induction of shoot organogenesis or somatic embryogenesis from isolated needles would permit the cloning of aged and selected trees. There have been few reports, however, of regeneration from somatic tissues of mature conifers (Park and Bonga 1993, Attree and Fowke, 1993) . Gómez and Segura (1994) successfully regenerated adventitious shoots from leaves of mature Juniperus oxycedrus L. (Cupressaceae), suggesting that the maturation process did not significantly affect the morphogenetic potential of isolated tissues from this species. Thus, Juniperus species may provide the opportunity to test whether cells from explants are competent to undergo morphogenesis through other developmental pathways.
The aim of this research was to develop a method for the isolation and culture of single cells from leaf-derived callus of adult J. oxycedrus. The embryogenic capacity of leaf explants was also studied. Juniperus oxycedrus was chosen for this study because the species has good potential for reforestation of degraded Mediterranean areas.
Material and methods

Plant material
Terminal shoots from lateral branches (5 cm length) were collected from several 30-year-old Juniperus oxycedrus trees growing in their natural habitat in La Eliana, Valencia, Spain. The shoots were surface sterilized by a 15-min immersion in 1% NaOCl containing 0.01% Tween-20, followed by four 5-min washes with sterile distilled water. Subsequently, shoot tips (2 mm in length) were excised from long terminal shoots and cultured on basal medium SH (see below). Leaves (0.5 cm in length) of the last pair of verticils, isolated from shoots cultured for 2 months on the SH medium, were used as the source of explants for the experiments.
Culture media and incubation conditions
The two basal media used in the experiments were modified MS medium with MS macronutrients (Murashige and Skoog 1962) and modified SH medium with SH macronutrients (Schenk and Hildebrandt 1972) . Both media included MS micronutrients, vitamins as described by Vieitez et al. (1985) , 3% sucrose, and 0.7% Difco-Bacto agar, at pH 5.8. Growth regulators were added to the media before autoclaving for 20 min at 120 °C.
Unless otherwise stated, cultures were incubated in growth chambers at 26 ± 2 °C in a 16-h photoperiod supplied by Sylvania (GTE Gro-lux, F36W/GRO, Germany) fluorescent tubes (80 µmol m −2 s −1 photon flux at culture level). Singlecell cultures were maintained in continuous darkness at 27 ± 1 °C. Growth regulators and inhibitors were obtained from Sigma Chemical Company, USA. All other chemicals were of analytical grade.
Callus induction
Excised leaves (adaxial surface to the medium) were cultured in 15 × 100 mm petri dishes sealed with Parafilm, containing 30 ml of modified MS or SH medium supplemented with 0.06, 0.6 or 6.0 µM 2,4-dichlorophenoxyacetic acid (2,4-D), in combination with 0, 0.05, 0.5, 5.0 or 10.0 µM benzyl adenine (BA) or kinetin. Each treatment contained five replications (five dishes each with five explants). Morphogenic responses were evaluated after 45 days. Subsequently, calli were transferred to fresh growing medium for another 45 days. This procedure was repeated until the cultures were 135 days old.
Isolated cell culture
Leaf-derived calli that had been cultured for 135 days on modified SH medium with 6 µM 2,4-D, were used as the source of cells. For cell isolation, samples of calli (about 2 g fresh weight) were transferred to 125-ml flasks containing 30 ml of liquid basal SH or MS medium and agitated at 110 rpm for 24 h on a horizontal rotatory shaker. The resulting cell suspensions were filtered through a stainless steel sieve (0.062 mm) and centrifuged for 5 min at 100 g. Isolated cells were resuspended in medium and the cell density determined with a Fuchs-Rosenthal haemocytometer. Cells were cultured in 35-mm plastic dishes (Corning, New York) sealed with Parafilm, following the plating technique of Bergmann (1960) . Each dish contained 1 ml of solidified SH or MS medium (0.5 ml of cell suspension + 0.5 ml of 1.4% agar medium). In all experiments, a culture density of 1 × 10 4 cells ml −1 was employed.
In the first experiment, modified SH or MS medium was supplemented with 0.0, 0.5 or 5.0 µM BA or kinetin; and 0.0 or 0.6 µM 2,4-D or naphthalene acetic acid (NAA). In subsequent experiments, cell cultures were established on modified SH medium with 0.6 µM 2,4-D. In these experiments the effects of: (a) a nurse callus; (b) conditioned medium; and (c) 100 mg l −1 casein hydrolyzate (CH) or 5.0 mM glutamine were studied. Casein hydrolyzate was added to the medium before autoclaving. Glutamine was sterilized by filtration through a Millipore filter. All treatments were replicated five times. For nurse callus cultures, samples (2 mm in diameter) of leaf-derived calli, induced in the presence of 6 µM 2,4-D, were deposited on the surface of the plated cells. To prepare conditioned medium, freshly isolated J. oxycedrus callus cells (5 × 10 4 cells ml
) were incubated for 4 days in modified SH liquid medium (100 rpm) supplemented with 0.6 µM 2,4-D. Subsequently, cells were discarded by centrifugation (5 min at 100 g) and the supernatant filtered through a Millipore filter and mixed with the isolated cells before plating.
After 30 days of culture, plating efficiency ((No. of colonies and microcalli per dish)/(No. of cellular units per dish) × 100) was determined by estimating microcalli and colonies composed of not less than 30 cells.
Morphogenesis in callus derived from single-cell cultures
Calli derived from single cells were plated on modified SH medium supplemented with 0.6 µM 2,4-D and 100 mg l −1 CH.
After 30 days of culture, thin layers of solidified medium bearing colonies and microcalli were transferred to 60-mm petri dishes containing 5 ml of the same medium and maintained for 30 days in darkness or in a 16-h photoperiod. Subsequently, calli with a minimum diameter of 2 mm were individually cultured in glass tubes ( 
Somatic embryogenesis from cultured leaves
Leaf explants were cultured in 90-mm petri dishes containing 30 ml of modified SH medium with 6.0 or 10.0 µM 2,4-D or picloram. The dishes, sealed with Parafilm, were maintained in darkness or in a 16-h photoperiod. Each treatment contained 10 replications (ten dishes, each with five explants). After 45 days, explants were transferred to fresh medium for another 45 days. After this time, the percentage of calli showing embryos was evaluated. Calli showing embryos (or the isolated somatic embryos) were subcultured on modified SH medium with or without 0.6 µM 2,4-D or 0.5 µM BA.
Statistical analysis
Significance of treatment effects was determined by analysis of variance (Statgraphics program, Version 6, Manugistics, Rockville, MD), employing a completely random design. Percentage data were subjected to arcsine transformation before analysis. Variation among treatment means were analyzed by Tukey's procedure (1953) . All experiments were conducted at least twice.
Results and discussion
Morphogenesis in callus cultures
Irrespective of the nutrient medium used, callus induction only took place in the presence of 0.6 or 6.0 µM 2,4-D. The two cytokinins tested antagonized the auxin-induced callus growth, especially at concentrations higher than 5 µM (data not shown). After 45 days of culture, the size of calli was small (0.5--1 mm in diameter), but calli increased in size when transferred to fresh medium with the same components as the initial medium. The largest calli (10--20 mm in diameter) were obtained on modified SH medium supplemented with 6.0 µM 2,4-D. Transfer to fresh medium caused necrosis of some calli, especially calli grown on modified MS medium. Calli obtained on modified SH medium with 6.0 µM 2,4-D as the sole growth regulator were selected for cell isolation because of their size, friable texture and absence of necrosis. Media containing cytokinins promoted adventitious bud differentiation from cultured leaf explants. Maximal bud differentiation rates occurred on modified SH medium supplemented with BA. The presence of 2,4-D reduced the cytokinin-induced caulogenesis. After the first 45 days of culture, most of the induced shoots did not grow more than 5 mm, and explants died within 90 days of transfer to fresh medium.
After the first transfer to fresh medium, a small percentage (3--5%) of the explants grown on modified SH medium with 6.0 µM 2,4-D developed a white and translucent embryogeniclike callus.
Isolated cell culture
The procedure used for cell isolation from leaf-derived calli gave cell populations of 95 to 100% single cells as determined microscopically, and no clumps greater than four cells were observed. Yield of cells isolated from 1 g of leaf-derived callus was 4.3 × 10 4 .
In the treatments where growth occurred, cultured cells began to divide within 4--7 days, giving rise to colonies of eight to 10 cells after 10 days of culture. Many of these colonies developed into microcalli that were microscopically visible after 20--30 days.
Cell survival and division strongly depended on the presence of auxin in the culture medium. No cell proliferation was observed in cultures without growth regulators or supplemented only with cytokinin (Table 1) . The auxin 2,4-D was more effective than NAA in promoting cell division, especially when cultures were established on modified SH medium. Cytokinins significantly reduced auxin-induced cell proliferation. This antagonistic effect was particularly evident when the cells were plated on modified SH medium. The highest plating efficiency was achieved on modified SH medium supplemented with 0.6 µM 2,4-D (Table 1 ). In protoplasts of Picea glauca (Moench) Voss, 2,4-D also promoted cell division and this effect was inhibited by BA or kinetin (Bekkaoui et al. 1987) .
To determine optimal culture conditions for callus growth, isolated cells were plated on modified SH medium with 0.6 µM 2,4-D, a nurse callus, and either CH, glutamine or conditioned medium. As shown in Table 2 , the effects of the growth adjuvants depended mainly on the presence of a nurse callus. Thus, in cultures without nurse callus, the plating efficiency was significantly increased by the addition of CH. In contrast, glutamine or the conditioned medium decreased this parameter in the presence of a nurse callus. Nevertheless, these nurse cultures significantly increased the plating efficiency of the control and promoted the formation of macroscopically visible calli (1--3 mm in diameter) when the medium was supplemented with CH or glutamine ( Table 2) . Favorable effects of a nurse callus on cell division and callus formation have been reported in protoplast cultures of Pinus sylvestris L. (Hohtola and Kvist 1991) . The addition of CH or glutamine to the culture medium generally favors growth, especially when the assimilative mechanisms of nitrate and ammonium are not operative (Kirby et al. 1987) . In some cultures, however, amino acids either repress nitrate reductase or decrease the free endogenous hormonal concentrations by conjugation, thus inhibiting cell division and growth (MarionPoll and Caboche 1984) . The presence of a nurse callus in single cell cultures of J. oxycedrus could potentiate some of these effects, decreasing plating efficiencies in cultures supplemented with conditioned medium or glutamine. Favorable effects of glutamine and CH on cell division and growth have been reported on callus (Durzan and Chalupa 1976 ), cell (Durzan and Chalupa 1976 , Kirby 1982 and protoplast (Kirby 1980 , Bekkaoui et al. 1987 , Lainé et al. 1988 ) cultures of different conifers. In contrast, CH was either ineffective or it inhibited growth in cell suspension cultures of Pseudotsuga menziesii (Mirb.) Franco (Kirby et al. 1987) . Conditioned medium has been found to overcome the inhibited growth of some cells at low densities (George 1993) .
Morphogenesis in callus derived from single cells
Single-cell-derived colonies and microscopically visible microcalli were transferred to fresh medium and incubated for 30 days in darkness or in a 16-h photoperiod. This procedure favored further callus formation and yielded an average of 20--30 calli per plate with a diameter of between 2 and 4 mm. Photoperiod did not significantly affect the number and growth of the calli (data not shown); therefore, all regeneration experiments were accomplished with calli grown in a 16-h photoperiod.
Calli grew in size when transferred to several regeneration media. Maximal growth responses were obtained in the presence of 0.6 µM 2,4-D (data not shown). Growth regulator requirements for cell division in J. oxycedrus cultures differed between isolated cells and their derived callus. Cytokinins alone were ineffective for cell cultures (Table 1) , whereas cytokinins promoted cell division in cell-derived calli, although the higher concentrations of zeatin and kinetin caused necrosis of some calli.
After 60 days of culture, three of the calli grown in the presence of 0.6 µM NAA and 5.0 µM of BA developed a green color and meristemoids and buds appeared on their surface. Nevertheless, only one shoot, 2--3 cm long, regenerated per organogenic explant. Within the same culture time, some of the calli cultured on media with NAA and kinetin or zeatin combinations (0.06 µM NAA and 1.0 µM kinetin; 0.6 µM NAA and 0.5 µM kinetin; 0.6 µM NAA and 1.0 µM kinetin; 0.6 µM NAA and 1.0 µM zeatin) differentiated embryogenic callus and somatic embryos. The overall percentage of embryogenic cultures ranged from 8 to 16%. The isolated embryos failed to develop into plants when transferred to basal medium without growth regulators.
The addition of colchicine, trigonelline or actinomycin D to the culture medium did not affect callus growth (data not shown), and none of these compounds promoted the differentiation of organized structures. In cultures of Nicotiana, Datura and Brassica these three inhibitors favored the formation of adventitious buds (Sethi et al. 1990) .
Under the culture conditions tested, single-cell-derived calli of J. oxycedrus showed poor morphogenic capacity. At present, callus-mediated plant regeneration plays no role in the clonal propagation of many conifers (for review see Jelaska 1987 , Mehra-Palta and Thompson 1987 , Aboel-Nil 1987 . Also, with few exceptions, it has been difficult to maintain conifer callus through several subcultures (Harry and Thorpe 1994) . In addition to the rapid loss of morphogenic capacity, the chances of genetic instability are increased (Patel and Berlyn 1982) . However, Gladfelter and Phillips (1987) reported that a longer duration of frequent subcultures increased organogenic responses from callus of Pinus eldarica.
Somatic embryogenesis in leaf cultures
Because 3--5% of the calli cultured on modified SH medium with 6.0 µM 2,4-D developed a white and translucent embryogenic-like callus, we examined the embryogenic potential of cultured leaf explants of J. oxycedrus.
After 45 days of culture, callus proliferated from the cut ends and abaxial surfaces of the leaf explants. All concentrations of 2,4-D and picloram tested promoted callus formation and their effects were not substantially modified by photoperiod. Most of the calli were friable and yellowish in color. Nevertheless, about 18% of the calli induced in the presence of 6.0 µM picloram in light were friable with white and translucent zones, which coincides with the described characteristics for embryogenic callus in conifers (Attree et al. 1991) . Explant subculture caused necrosis and death of some calli, especially those grown in the presence of picloram or 10.0 µM 2,4-D. However, all tested treatments induced embryogenic callus formation after 90 days of culture (Table 3, Figure 1A ).
Embryogenic calli contained numerous embryos at different stages of development. Some had discernible roots and hypocotyls, but most somatic embryos exhibited marked atrophy of the cotyledons ( Figure 1B) . Isolated embryos failed to develop into plants when transferred to modified SH medium without growth regulators or supplemented with 0.6 µM 2,4-D or 0.5 µM BA. Within 30 days of culture on these media, both embryogenic calli and embryos died. The cause of such rapid senescence was not determined, although we obtained preliminary evidence of the presence of non-functional meristems on these embryos; however, other factors such as suboptimal culture conditions and use of explants from mature trees could not be discounted. Factors controlling conversion of conifer somatic embryos have recently been reviewed (Attree and Fowke 1993) . The embryogenic potential of isolated organs is affected by the ontogenic age of the tissues (Ruaud et al. 1992 ). With few exceptions (Ruaud et al. 1992 , Chavez et al. 1992 , Westcott 1994 , plant regeneration through somatic embryogenesis in conifers has only been obtained with immature or mature zygotic embryos (Tautorus et al. 1991, Attree and Fowke 1993) ; the use of other explants, even those derived from 10--20-day-old seedlings, was found to limit the embryogenic process Fowke 1991, Berlyn et al. 1991) .
Our results show that leaf-derived callus is a good material for isolation and culture of cells from adult J. oxycedrus, but more research is needed to improve the morphogenic competence of the cell-derived callus. We also successfully induced somatic embryogenesis in leaf explants from mature trees of J. oxycedrus; however, the frequency of leaf explants forming embryos was low and we were unable to identify conditions that promoted embryo conversion into plants. 
